The ability of four different clays to adsorb diethylketone was investigated in batch experiments aiming to treat wastewater with low solvent concentrations. The adsorption performance in terms of uptake followed the sequence: vermiculite > sepiolite = kaolinite = bentonite, for all the adsorbent doses tested (from 0.1 to 1.5 g) in 150 mL of ketone solution (800 mg/L). The equilibrium data in the batch systems were described by Sips and Dubinin-Raduskevich isotherms. The best fits for bentonite and kaolinite clays were obtained with the Sips isotherm and for sepiolite and vermiculite the best fits were obtained with the Dubinin-Raduskevich model. Kinetic data were described by pseudo-first and pseudo-second order kinetics models. The best fit was obtained for the pseudo-first order model which assumed that the interaction rate was limited only by one process or mechanism on a single class of sorbing sites and that all sites were time dependent. The presence of functional groups on the clay surface that might have interacted with the solvent was confirmed by FTIR. XRD analysis was also performed. This study showed that the tested clays are very effective for the removal of diethylketone from industrial effluents.
Introduction
The problem of solvents in industrial effluents is well known. These substances are subject to severe restrictions on the levels in the environment because of their direct danger to health and natural ecosystems. Ketones are employed commonly in numerous industries (e.g. chemical, electronic, pharmaceutical) where they may act as a substrate or as a solvent in the production of drugs, vitamins and cosmetics [1] . Diethylketone is used as a solvent and as an intermediate in the synthesis of pharmaceuticals, flavors and pesticides.
The traditional technologies used for the treatment of chlorinated and ketone solvents are adsorption on granular activated carbon (GAC) and air-stripping. However, some efforts has been made on the use of biosorbents for the treatment of wastewaters contaminated with solvents. Pielech-Przybylska et al. [1] used a trickle-bed biofilter for the degradation of acetone. Osuna et al. [2] investigated the degradation of dichloromethane using two upflow fixed-bed reactors inoculated with activated sludge and GAC as a support. Wu et al. [3] used Bacillus circulans for the degradation of the same solvent. Tsai et al. [4] and Wang and Tseng [5] studied the removal of trichloroethylene by oxidation and biodegradation, using a combination of iron particles and of autotrophic hydrogenbacteria, respectively. GAC is prohibitively expensive for industrial scale, air-stripping and biofilters from operational and equipment perspectives. Microorganisms are too sensitive to the xenobiotic effect of high concentrations of solvent. Also, they require nutrients and operational conditions (sterilization, eventual leaching prevention, etc.) that are difficult to obtain and maintain in an industrial environment.
Natural adsorbents such as clays and zeolites have been studied due to availability, low cost, simplicity of extraction and retention capacity. Clays have been used with success for the treatment of wastewaters contaminated with metals [6] . The large surface area of natural clay particles, the chemical and mechanical stability and the high cation-exchange capacity account for the excellent capacity of the clay to adsorb heavy metals [7, 8] . Special attention has been given to vermiculite clay as adsorbent for copper and chromium ions [8] , bentonite clay for the removal of a cationic dye [9] , kaolin clay to remove Cd(II), Cr(VI), Fe(III) and Ni(II) [10] , sepiolite clay as adsorbent of Cd(II), Cr(III) and Mn(II) [11] and as adsorbent of dyes [12] .
This work aims the development of an environmental-friendly technology applicable to the treatment of aqueous solutions contaminated with low concentrations of solvents. Due to its widespread use, special attention will be given to the solvent diethylketone. Batch assays were performed aiming to investigate the adsorption behaviour of four different clays on the treatment of diethylketone aqueous solutions. The effect of the mass of adsorbent was studied. Experimental equilibrium results were analysed using the Dubinin-Radushkevich and Sips adsorption isotherms and kinetic data were analysed by pseudo-first and pseudo-second order models. The presence of functional groups that may have a role in the adsorption process was evaluated by FTIR analyses of the clays. Phase analysis was also performed by XRD.
Materials and methods

Materials
Aqueous diethylketone solutions were prepared by diluting diethylketone (98%, acros organics) in distilled water. The kaolinite was obtained from Minas de Barqueiros, S.A. (Apúlia, Portugal) (average diameter of 2.37 m, BET surface area of 13.7 m 2 /g, porosity of 45.5%), sepiolite was obtained from Tolsa, S.A. (Spain) (average diameter of 0.58 mm, BET surface area of 108 m 2 /g, porosity of 49%), bentonite clay was collected in Alentejo (Portugal) (average diameter of 0.2 mm, BET surface area of 11.9 m 2 /g, porosity of 11%) and vermiculite was obtained from Sigma-Aldrich (average diameter of 0.45 mm, BET surface area of 39 m 2 /g, porosity of 10%). All the experimental work was done in duplicate.
Methods
Batch adsorption assays-uptake and equilibrium studies
The adsorption isotherms for the ketone by the four different clays were obtained from batch experiments at 25 • C. The experiments were performed in 250 mL Erlenmeyer flasks containing 150 mL of the ketone solution and different amounts of clay (0.1 g, 0.25 g, 0.5 g, 0.75 g, 1 g and 1.5 g). The initial concentration of the ketone solution was 800 mg/L. The flasks were rotated at a constant rate of 150 rpm until equilibrium was reached. Previous assays were made to determine the time needed for attaining equilibrium (13 days). Samples of 5 mL were taken after equilibrium was reached, centrifuged at 2500 × g for 5 min and the supernatant liquid was analysed for the ketone using GC (Chrompack CP 9001) equipped with a flame ionization detector (FID).
Batch adsorption assays-kinetics study
The adsorption kinetics study was carried out using 250 mL Erlenmeyer flasks with 0.1, 0.25, 0.5, 0.75, 1 and 1.5 g of each clay and 150 mL of 800 mg/L of ketone solution. The assays were conducted in duplicate for all clays in an orbital shaker at 150 rpm for a period of 14 days at room temperature (25 • C). From the duplicate flasks, 0.3 mL samples were collected at established time intervals. The samples were analysed using GC (Chrompack CP 9001) with FID (flame ionization detector).
Characterization procedures
Infrared spectra of the clays were obtained using a Fourier transform infrared spectrometer (FTIR BOMEM MB 104). Clays were centrifuged, dried and weighted. Finely ground clays (10 mg) were encapsulated in 100 mg of KBr in order to prepare translucent sample disks.
Phase analysis was performed by XRD using a Philips PW1710 diffractometer. Scans were taken at room temperature in a 2Â range between 5 and 60 • C, using Cu K␣ radiation.
The GC employed herein was a Chrompack CP 9001, equipped with a flame ionization detector (FID), and separations were performed using a TRB-Wax capillary column (30 m × 0.32 mm i.d. × 0.25 m). The operating conditions were as follows: the column was held initially at a temperature of 50 • C, then raised at 10 • C/min to 100 • C, held at 100 • C for 4 min, then raised again at 40 • C/min to 200 • C and finally held at 200 • C for 2 min. The temperature of injector and detector were maintained at 250 • C. Nitrogen was used as a carrier gas at a flow rate of 30 mL/min and the injections were made in the split mode with a split ratio of 1:14. Under these conditions, the retention time for ketone was 2.2 min.
Results and discussion
FTIR and XRD analyses
The FTIR spectra of the clays, in the range of 500-4000 cm −1 were taken to confirm the presence of functional groups that might be responsible for the adsorption process and presented in Fig. 1 . As may be seen, clays display a number of absorption peaks, reflecting the complex nature of the clays. For kaolinite clay the main bands observed are the -OH stretching, hydroxyl sheet at 3695 and 3620 cm −1 , the SiO stretching at 1062 and 1030 cm −1 , the OH deformation at 912 cm −1 and the mixed SiO deformations and octahedral sheet vibrations at 790, 753 and 694 cm −1 [13] . For bentonite, bands were observed for the signals at 3425 and 3620 cm −1 , which are due to stretching bands of the OH groups, 1635 cm −1 which is assigned to the OH deformation, 1032 cm −1 assigned to the Si-O vibrations within the layer and the band at 521 cm −1 from the Si-O-Al, where Al is an octahedral cation [14] . The spectrum of sepiolite present a band at 3560 cm −1 that is ascribed to the OH stretching vibration in the external surface of sepiolite and a band at 1655 cm −1 that is assigned to the OH stretching, representing the bound water coordinated to magnesium in the octahedral sheet. The band at 1421 cm −1 is due to the hydroxyl bending vibration which again reflects the presence of bound water [15] . According to the same author, the band at 1022 cm −1 represents the stretching of Si-O in the Si-O-Si groups of the tetrahedral sheet. As for bentonite, the bands at 783 and 692 cm −1 represent the mixed SiO deformations and octahedral sheet vibrations. For vermiculite, the band at 3400 cm −1 represents the OH functional group stretching vibration [16] . The band at 1635 cm −1 is for H-O-H in absorbed water bending and at 997 cm −1 is for the Si-O-Si stretching [17] . Some of these band signals were also found by several other authors on clays corresponding to surface groups responsible for the adsorption of hazardous materials [14, 15] and hence these groups may interact with the solvents in the present case.
The powder XRD diffraction patterns of the original clays and of the clays after contact with diethylketone were recorded at 2Â range between 5 and 60 • C and some representative patterns are presented in Fig. 2 . All samples exhibited the typical and similar pattern of clays, with no obvious change in the position or in the relative intensity of the diffraction lines for clays after contact with diethylketone. The similarity between the diffractograms reveals that these processes do not promote any structural modification in the clays. 
Adsorption assays
Batch adsorption assays-uptake studies
The experimental assays were made using a solution of solvent with initial concentration of 800 mg/L and masses of clay between 0.1 and 1.5 g. The removal of diethylketone by the different clays showed similar profiles for the range of adsorbent doses used. For example, Fig. 3 demonstrates the removal ratios of the solvent for the adsorbent doses of 0.1 and 1 g. The removal of solvent by the clays presented a typical and well known adsorption kinetics, quite rapid initially, but it gradually becomes slower with time. The initial higher rate may be due to the starting availability of the uncovered surface area of the adsorbent, since adsorption kinetics depends on the surface area of the adsorbent. The results showed that the solvent was almost completely removed by both systems, due to the affinity between the organic molecules and the clays [18] .
Batch adsorption data showed slight differences in the performance between the four clays. The clays used are typical clays: kaolinite has a 1:1 layer (1:1 dioctahedral phyllosilicate) and sepiolite, bentonite and vermiculite consist of tetrahedral-octahedral-tetrahedral sheets (2:1 layer). On the last three clays, the two tetrahedral silicate layers are bonded together by one octahedral magnesium hydroxide-like layer and the structure is often referred to as 2:1 phyllosilicate. When tetravalent silicon is substituted by trivalent aluminum in the tetrahedral layer of the clay sheet, a negative charge is generated on the layer and, thus, hydrated magnesium is adsorbed on the tetrahedral layer between the sheets to maintain electro neutrality [8] . Usually, formation of organophilic clays after reaction with amines takes place via intercalation in the interlayer. These characteristics of clays make them a powerful sorbent for neutral organic molecules and organic cations [18] . The sequence in terms of uptake values is vermiculite > sepiolite = kaolinite = bentonite, for all the adsorbent [19, 20] , as a result of increased surface area and increased adsorption site availability due to increased adsorbent dose. This trend was not verified in the present study where the removal percentages remain around 96-97% for all the adsorbent doses used.
Modelling of equilibrium studies
Through the modelling of equilibrium data it is possible to characterize adsorbents under various operational conditions and to describe how adsorbates interact with the adsorbents. The equilibrium experiments were performed by varying the mass of adsorbent between 0.1 and 1.5 g for an initial solvent concentration of 800 mg/L, in 150 mL of solution. The time for the equilibrium to be reached was previously determined.
Two different isotherm equations were used to fit the experimental equilibrium adsorption data. Sips [21] proposed an equation that can be expressed by: [22] have reported that the characteristic sorption curve is related to the porous structure of the sorbent. The Dubinin-Radushkevich equation is generally expressed as follows:
The constant, B D , is related to the mean free energy of sorption per gram of the sorbate as it is transferred to the surface of the solid from infinite distance in the solution. T is the temperature (K) and R is the universal gas constant. The constants calculated for the best fit are presented in Table 1 . As an example, the comparison between the experimental results and those predicted by the best fit model, for bentonite clay, is shown in Fig. 4 . For bentonite and kaolinite the best fit model was the Sips model. On the other hand, for the sepiolite and vermiculite clays the best fit was obtained by the Dubinin-Raduskevich model although the correlation coefficient was only approximately 0.7 which means that the models tested do not fit properly the isotherm obtained.
Modelling of kinetic data
The sorption kinetics is very important for the process design and operation control of an adsorption process. In wastewater treatment such kinetics are significant as they provide valuable insights into the reaction pathways and mechanism of sorption reactions. This allows the description of the solute uptake which in turn controls the residence time of sorbate at the solid-solution interface [23] . The kinetic experiments were performed by varying the mass of adsorbent between 0.1 and 1.5 g for an initial solvent concentration of 800 mg/L, in 150 mL.
As it was said before, the adsorption kinetics exhibited an immediate rapid adsorption and reached pseudo adsorption equilibrium within a short period of time (Fig. 2) . The initial adsorption of solvent is a surface phenomenon, probably with diethylketone molecules replacing water molecules on the surface of clays. In the first stage the vacant sites in clay particles were saturated up rapidly at the initial stages and followed a linear progression. In the second stage there was a slow migration and diffusion of the compound (the rate of adsorption decreased and reached steady state) into the mineral structure [24] . Tahir and Raulf [9] explained the mechanism of adsorption on clays by a three step mechanism: first, the adsorbate species migrate from the bulk liquid phase to the outer surface of adsorbent particles (film diffusion); secondly, the solvent species move within the micro and macro-pores of adsorbent particles (pore diffusion) and at the end, the interaction between the adsorbate and the adsorbent species takes place within the surface.
The experimental adsorption kinetic data were modelled using pseudo-first and pseudo-second order equations. The linearized form of the pseudo-first order model [25] and pseudo-second order model [26] are shown below as Eqs. (3) and (4), respectively: log(q e − q t ) = log(q e ) − k 1 · t (3)
where q e is the amount of solvent sorbed at equilibrium (mg/g), q t the amount of solvent sorbed at time t (mg/g), k 1 the pseudofirst order rate constant (h −1 ) and k 2 is the pseudo-second order rate constant (g/mg h). The rate constants predicted equilibrium uptakes and corresponding correlation coefficients for all the adsorbent doses tested have been calculated. They are summarized in Table 2 . The plots of both, first and second order models, are shown in Figs. 5 and 6. 
Table 2
Comparison of the pseudo-first-order and pseudo-second-order kinetic models for the adsorption of solvent onto the clays at various mass of adsorbents (800 mg/L of solvent The pseudo-first order model assumes that the interaction rate is limited by only one process or mechanism on a single class of sorbing sites and that all sites are time dependent [27] . The correlation coefficients were always greater than 0.99. The predicted equilibrium biosorption capacity values are in agreement to the experimental equilibrium uptake values (Table 2 ). In the case of the pseudo-second order model, the correlation coefficients were found to be around 0.98-0.99, but the calculated q e was not equal to the experimental q e , suggesting the insufficiency of the model to fit the kinetic data for the conditions of the assay. This evidence also showed that a good correlation coefficient is not a guarantee of a good agreement between the experimental and the calculated values.
Conclusions
It was demonstrated that bentonite, sepiolite, kaolinite and vermiculite clays are able to remove efficiently diethylketone from aqueous solutions. The best isotherm fit for bentonite and kaolinite clays was obtained with the Sips model while the Dubinin-Raduskevich model was the best option for sepiolite and vermiculite. Almost complete removal of diethylketone was achieved for all clays, with values of removal percentages approximately 97%. FTIR analyses showed a significant number of functional groups on the clays that could be responsible for adsorption of the diethylketone. A possible mechanism to explain the adsorption is that diethylketone molecules could replace water molecules on the surface of clays. Finally, the solvent affinity for the clays was found to be in the sequence vermiculite > bentonite = sepiolite = kaolinite. The procedures described herein may be suitable for treating solvent contaminated wastewater in general.
